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Introduction
The study of 3d/4f systems has long been a focus of research in crystallography, materials chemistry, physical metallurgy, and condensed matter physics because of their structural richness and physical diversity.
1-9 Metal-rich compounds containing both itinerant d electrons of transition metals and more localized f electrons of rare earth metals may yield large 3d-4f exchange interactions that offer potential for many applications such as permanent magnets. 7, 8, 10 With the goal of discovering new ferromagnetic materials, we are focusing on the Fe-rich part of the ternary RE-Fe-X (RE = Nd, Dy and X = S, Sb, Ge) phase spaces. 11 If any new Fe-rich compounds exist and decompose peritectically at a rather low temperature compared with the melting point of Fe, it can be difficult to obtain from directly arc-melting mixtures of elements or by using traditional heating procedures. In addition, the high vapor pressures of sulfur and antimony, in particular, make arc-melting even less practical.
Therefore, we turned to a solution growth technique, which has proved to be quite practical for growing high quality single crystals at relatively low temperatures. [12] [13] [14] During exploration of the Nd-Fe-S system, we found that the Fe-rich eutectic liquid of the Fe-S binary system, that is, , could be safely heated up to 1150 o C without any detectable sulfur outside the crucible as long as Fe powder (as opposed to large Fe pieces) was used as a reactant. Herein, we report the synthesis, structure, and magnetic susceptibility of an unexpected quaternary product, Nd 4 FeOS 6 (space group P6 3 mc), which is structurally similar to Nd 4 FeS 7 (P6 3 ). 15 However, the structural variations arising from the incorporation of oxygen atoms are distinct, and include large differences in lattice parameters and bonding patterns.
Experimental

Synthesis
Reactants used for crystal growth include elemental Nd lumps (99.999%, Ames Laboratory), Fe powder (< 10 m, 99.9%, Alfa Aesar), and S powder (99.999%, Alfa Aesar). A mixture with initial stoichiometry "Nd 4 Fe 55 S 41 " was introduced into a 2 ml alumina crucible, sealed in a fused silica ampoule, and heated at 300 o C for 3 h, followed by a slow heating over 12h to 1150 o C to ensure that Fe and S form a near eutectic melt. Atom pair
Physical properties measurements
Magnetization measurements from 2 K to 300 K were performed using a Quantum Design, Magnetic Property Measurement System (MPMS) superconducting quantum interference device magnetometer at different magnetic fields (20 Oe, 2 T and 4 T).
Attempts to measure the electrical resistivity of samples using the four-probe method were also made, but the results indicated insulating behavior for Nd 4 FeOS 6 . Table 2 .
Electronic structure calculations
The electronic structure and total energies of various magnetically ordered models of Nd 4 FeOS 6 were calculated using the projector augmented wave method (PAW) of Blöchl 23, 24 coded in the Vienna ab initio simulation package (VASP). 25, 26 All VASP calculations employed the generalized gradient approximation (GGA) with exchange and correlation treated by Perdew-Burke-Enzerhoff (PBE). 27 The linear spin density approximation (LSDA) including on-site Hubbard repulsion U parameters (LSDA+U) 28 were adopted to describe electron correlations associated with Nd 4f states and Fe 3d
states. As before, 29, 30 U eff = 6.0 eV for Nd 4f states was adopted in this case, together with U eff = 3.0 eV for Fe 3d states that properly opens a gap in the electronic density of states (DOS) at the Fermi level. Nevertheless, calculations with U eff = 4.0 eV for Fe 3d
states were also tried, and similar outcomes among the differences of total energies for various magnetic models were observed as that for U eff = 3.0 eV. The cutoff energy for the plane wave calculations was set to 500 eV and the Brillouin zone integration was carried out using 6 × 6 × 9 -centered kpoint meshes. 45 that are bridged by rare earth atoms see Figure   4 (a). For R 4 TQ 7 compounds, the chains are built by R-centered tetrahedra (RQ 4 ) according to databases. However, short R-S distances (~2.1-2.4 Å) persist for all R 4 TQ 7 structures, which were not refined but estimated from isotypic compounds. Since the foregoing distances are typical for R-O rather than R-S bond distances, this outcome questions whether R 4 TQ 7 compounds should actually be formally quaternary and contain oxygen; otherwise, proper structural refinements are desired. Figure 3) ;.and (2) the 2b site in the structure of Pr 8 CoGa 3 , which corresponds to O in Nd 4 FeOS 6 , is occupied by the transition metal Co and is no longer located at the center of a tetrahedron but, rather, of a mono-capped trigonal prism formed by seven rare earth atoms, Figure 4 (b). The TR 7
Results and discussion
Structure
clusters (e.g., CoPr 7 ) could be interesting for their 3d-4f magnetic interactions. However, to date, no magnetic measurements have been reported for these structures, so, apparently, there is much room for development of new systems with this structure type.
In addition to the above mentioned structural differences, the lattice parameter ratio c/a may be used to differentiate the La 3 CuSiS 7 -, Pr 8 CoGa 3 -, and Nd 4 MnOSe 6 -type structures. As shown in Figure 5 , the c/a ratios for the 
Magnetic susceptibility
Figure. No signature of ordering was found down to 2 K, Figure 6 . From the magnetic field dependence of the magnetization at 300 K (Fig. 6a) , we found a significant impurity contribution, which seems to be saturated above 1 T and could originate from residual flux on the surface of the single crystal. Therefore, we used (M/H) = (M 4T -M 2T )/(2T) to estimate the susceptibility. After this treatment, the inverse susceptibility shows a linear temperature dependence above 40 K (see Fig. 6 b) . A fit of the data yields a Curie-Weiss This value is marginally close to the experimental value from our data considering the fact that we can only estimate the susceptibility due to the contribution of impurities. Crystal electric field effects can also affect the measured value on single crystals. The negative Curie-Weiss temperature ( K) indicates antiferromagnetic interactions within Nd 4 FeOS 6 , a result that is consistent with theoretical calculations (below). In fact, several La 3 CuSiS 7 -type and related phases without oxygen also show either very low or no magnetic ordering temperature. [42] [43] [44] [45] Interestingly, all Nd-containing Nd 3 TGaQ 7 (T = Fe, Co; Q=S, Se) compounds have large negative Curie-Weiss temperatures, but they remain paramagnetic down to low temperatures. 43 We note, though, that the crystal electric field can modify the value of the Curie-Weiss temperature on single crystals.
Electronic structure
As mentioned above, Nd 4 FeOS 6 exhibited antiferromagnetic (AFM) interactions from the Curie-Weiss temperature of -50 K, but no ordering phenomena were observed down to 2K. These suggest that dominant exchange interactions are of antiferromagnetic (AFM) character. To obtain insights about possible magnetic exchange interactions in Nd 4 FeOS 6 , a total of six magnetically ordered models (see Figure 7) were examined, Five spin exchange parameters within Nd 4 FeOS 6 were evaluated by performing a mapping analysis [48] [49] [50] on the basis of the six ordered models shown in Figure 7 . As indicated also in Figure 7 , the five spin exchange paths of Nd 4 FeOS 6 include the intra- ), [48] [49] [50] the total spin exchange energies of the six models are summarized in Table 4 . Thus, by mapping the relative energies of the six models determined by the VASP (GGA+U) calculations onto the corresponding relative energies determined from the above spin exchange energies, [48] [49] [50] we obtained the values of J ij listed in the last line of Table 4 . These parameters indicate that the intra-chain Nd-Nd interactions, J 1 (27.6 meV) and J 2 , (15.0 meV) are substantially antiferromagnetic. Considering the tetrahedral geometry for Nd 4 O, intrachain AFM Nd-Nd couplings must lead to magnetic frustration among Nd atoms.
Moreover, the frustration could affect the magnetic ordering associated with Fe sites because Nd-Fe coupling is also strong FM (J 4 = 12.1 meV). Therefore, Nd 4 FeOS 6 can be considered to be a complex, magnetically frustrated system, which, in turn, leads to the absence of magnetic ordering down to 2 K.
Conclusions
In this work, single crystals of . Although oxygen, sulfur, and selenium are in the same group, the trapping of oxygen by rare earth tetrahedra distinguishes the structure of 
